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space is strongly enhanced in basic media and suppressed in acidic one. The magnitude of structural breathing depends also on relative amounts of graphite oxide powder and solution. Strongly diluted samples with low relative amount of graphite oxide powder in the suspension exhibited less pronounced high pressure anomaly.
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Graphite oxide (GO) is a unique material [1] [2] [3] [4] [5] which recently attracted great attention from a broad range of specialists as a precursor for the synthesis of graphene and graphene-related materials [6] [7] [8] [9] [10] . The structure of solvent free graphite oxide is non-stoichiometric and even after 150 years of research it is not completely established despite very strong recent interest [11] [12] [13] [14] [15] [16] . Graphite oxide shows a significantly increased inter-layer distance (up to ~6Å), while keeping the planar structure of graphite 4, 15 . Unlike pristine graphite, GO is hydrophilic; water and other polar solvents are easily inserted into interlayer space with formation of an expanded solvated structure [17] [18] [19] [20] . For example, fully hydrated graphite oxide shows a sharp increase of the inter-layer distance (up to 12 Å) compared to "dry" state 4, 17 . Graphite oxide can be easily dispersed as separate layers in water solution, deposited as thin films 10, [21] [22] and converted into graphene by mild heat treatment, by reduction in solutions (see e.g. 6, 9, [23] [24] ) or even by light from a camera flash 25 . Several structural models have been proposed for GO based on NMR, XPS and IR spectroscopy data 4-,8,13,15,26-27 , and some of them suggest that epoxy, carbonyl and -OH groups X-rays are attached to the graphene skeleton which results in some buckling of the planes. Strong disorder and turbostratic packing make it difficult to identify the detailed structure of GO by diffraction methods.
Recently we discovered that graphite oxide immersed in excess amounts of several solvents shows an expansion of the structure due to pressure induced insertion of additional solvent between oxidized graphene layers 28 . A similar effect has been previously observed for nanoporous materials, e.g. zeolites or pyrochlores immersed in liquid media [29] [30] [31] . The unit cell volume of these materials shows a jump-like increase at a certain pressure due to pressure induced insertion of water into pores. The volume increase for these materials is relatively small, e.g. about 5-7.5% for defect pyrochlores of various compositions [29] [30] . The lattice expansion observed for GO was significantly higher, reaching 25-30% 28 . The difference is due to the relatively weak van der Waals bonding between oxidized graphene layers which allows easy "structural breathing" upon pressure variation. The inter-planar distance (and unit cell volume) of graphite oxide (GO) pressurized in the presence of water continuously increases, reaching a sharp maximum at 1.3-1.5 GPa. The following downturn is correlated with the solidification point of water. The effect is reversible, resulting in a unique "breathing" of the structure upon pressure variation 28 . Graphite oxide immersed in methanol, ethanol and acetone also exhibited pressure-induced liquid phase insertion [32] [33] .
Experimental results indicate that at least part of the water in fully hydrated GO is in a liquid like state and is able to go in and out of interlayer space relatively easily under the influence of external conditions. However, the chemical interaction of the GO structure with solvents is rather complex and contributes to the unusual compressibility of hydrated graphite oxide. It is known that the GO structure is extremely sensitive to changes of pH, and expands in slightly basic solutions 24 . It should also be noted that GO immersed in aqueous solutions of strong acids and bases degrades irreversibly 9 . Therefore, it could be anticipated that change of pH will influence also compressibility anomaly observed for graphite oxide at high pressure 28 .
Here we present results of X-ray diffraction experiments with GO immersed in basic and acidic water solutions. Enormous expansion of the lattice due to pressure induced insertion of a basic solution was found.
The GO sample was prepared using Brodie GPa, followed by a downturn at higher pressures. In contrast, applying high pressure to GO in NaOH solution resulted in a dramatic increase of the (001) spacing from 11.58Å at 0.1 GPa up to 21.47Å at 1.7
GPa. The amplitude of the lattice expansion in NaOH solution media is significantly larger compared to the effect in pure water (from 10.95Å to 13.08Å) 28 . This effect was also reproduced in another high pressure experiment with only slight variations. Considering the size of a water molecule to be ~3Å,
The pressure effect on graphite oxide in pure water would correspond to insertion of one monolayer of water while in NaOH solution the change of interlayer distance is about 3 monolayers. No additional reflections from water were observed in hydrated samples either at ambient conditions or at high pressure. The continuous shift of the position of the (001) reflection could be explained by interstratification of layers with different degree of hydration while the number of galleries with a high number of water layers increases with increasing pressure. However, water in the hydrated GO structure is not ordered and considering the insertion of water strictly as insertion of monolayers would be an oversimplification.
The downturn in the pressure dependence of the (001) spacing (see Figure 2 ) correlated with the solidification point of the liquid media independently on pH of the solution. It can also be noted that pressure points of basic and acidic media solidification are higher compared to pure water. This was also verified in separate experiments performed with pure HCl/water solutions using DTA method (see supplementary materials). The rapid decrease of interlayer spacing above the solidification point of media suggests that water inserted between graphene oxide layers at high pressure conditions remains in a liquid-like state and is squeezed out of the structure. The structural transformations were found to be reversible after rapid decompression. No detailed decompression study was performed for the basic and acidic solutions while for pure water it can be found in our previous study 28 .
It is clear that water can be inserted and withdrawn from the graphite oxide structure by changing the pressure, thus producing structural breathing. The results presented here prove that the amount of Let us consider some general effects of pressure on the GO/solvent system. Compression of the system must result in increased densities for both the water medium and for the water confined between the GO layers, but not necessarily with the same rate. It is known that water confined in nanometer spaces has significantly different properties compared to bulk water, and this includes also a higher density even at ambient pressure 35 . As was shown in our simple model, a higher density of confined water compared to the density of bulk water should result in an increased separation of GO layers 36 .
Besides the physical effects of an applied pressure one needs to take into account changes in the chemical properties of the materials which compose the system. Weak acids are known to dissociate better under pressure 37 and graphite oxide behaves as a weak acid when placed in solution due to dissociation of certain surface hydroxyl groups 15 . Water molecules are compacted stronger around ions compared to molecules 37 while the concentration of ions should be higher for water confined between GO plates. Therefore, the total density of the solution between GO planes should be higher than the density of the bulk medium due to the excess of ions provided by the dissociation of functional groups.
In general, expansion of the GO structure could be expected if the concentration of ions between GO planes exceeds the concentration in the bulk solution. Addition of NaOH to water results in a promotion of dissociation while the addition of HCl hinders it.
This simple model is also able to explain another interesting result obtained in our experiments. Figure 3 shows that the application of pressure to samples with strongly increased water/GO powder ratio results in a strong decrease in the amplitude of the high pressure anomaly. This result is paradoxical at a first glance since the acidity of the water medium due to dissociation of GO should be lower in the strongly diluted sample. According to the data shown in Figure 2 , acidic media gives a lower structural expansion for samples with equal proportions of GO powder per volume solution.
However, the results observed in compression experiments with strongly diluted samples (and therefore with less acidic water medium) showed smaller magnitude of GO structural breathing. It should be noted that all experiments described above and in previous studies 28, [32] [33] were performed with approximately the same loading procedure, in which the gasket hole was filled completely with GO powder after which water was added, thus making the relative volumes of powder (bulk volume) and water approximately 1:1. The pressure dependence of strongly diluted samples (Figure 3) shows remarkable differences compared to that observed in experiments with the "standard" 1:1 proportion between GO and water. The difference is observed already for the first pressure point: immediately after closing the cell with pressures 0.1-0.2 GPa the interlayer distance of strongly diluted samples appeared to be approximately 1Å smaller. The (001) spacing for diluted samples increased only by ~0.5 Å and remained almost unchanged until the solidification point of the liquid medium, and the sharp expansion of the structure typical for GO/water loaded in the "standard" proportions was not observed.
As was suggested above, larger amplitude of the structural expansion of graphite oxide is associated with a higher concentration of ions in the solution confined between its layers. A strong dilution of the sample results in a somewhat less acidic pH of the bulk water but also results in a depletion of confined water from ions produced by dissociation of GO functional groups. Fewer ions between layers should result in a smaller density difference between bulk and confined water upon pressurization and smaller amplitude for the structural expansion.
In general, graphite oxide hydration is remarkably similar to swelling of some clay minerals which exhibit in certain cases "osmotic swelling" when water enters interlayer space in a liquid-like state and the separation of layers depends on osmotic pressure developed in the system due to inserted interlamellar ions (see e.g. ref 38 ) . In a simple model, graphite oxide could be considered as a semipenetrative membrane: the interlayer space of the GO structure has a higher concentration of ions compared to the surrounding liquid medium and this causes an osmotic pressure and osmotic flow of liquid inside interlayer space. The pressure increase promotes dissociation of certain functional groups and increases the concentration difference between the pressure medium and the solution confined between GO layers, resulting in a stronger osmotic pressure forcing liquid from the medium to the space between the GO layers. This effect becomes stronger in basic solution due to a more complete deprotonation of GO functional groups while an acidic solution weakens the dissociation.
In conclusion, pressure induced insertion of water into the graphite oxide structure was studied for liquid media with various chemical composition. Experiments revealed an enormous increase in the structural expansion of graphite oxide immersed in basic solution (up to 85% lattice expansion) while using acidic water as medium was found to hinder pressure induced water insertion. It is suggested that a stronger dissociation of GO functional groups stimulated by the pressure increase is responsible for an osmotic inflow of the liquid medium into the interlayer space of the GO structure, resulting in a stronger structural expansion. The enormous structural expansion observed in graphite oxide pressurized in basic media opens additional possibilities for functionalization of this material: it is obvious that a wider separation of layers allows insertion of larger molecules (e.g. polymers) into the GO structure.
EXPERIMENTAL SECTION
XRD patterns were recorded in situ in DAC with beryllium seats using synchrotron radiation at the Swiss-Norwegian Beam Line (BM1A) at ESRF at the wavelength λ=0.7092 Å using a MAR345 image plate detector. Diamond anvils with 0.4-0.6 mm flat culets were used. The samples were loaded into a 0.2-0.3 mm hole in rhenium gaskets together with a ruby ball used for pressure calibration. The pressure was increased gradually in steps of 0.1-0.2 GPa, and XRD patterns were recorded on every step during pressure increase and decrease. The two-dimensional XRD patterns were integrated using Fit2D
software. Experiments were performed with GO powder loaded with an excess of NaOH (0.5 mol/l concentration) and HCl solutions (1 mol/l solution) as pressure media. The exact proportions of water and powder cannot be controlled in the DAC experiments due to the extremely small amounts of materials and the rapid evaporation of solvent during the loading procedure. However, a qualitative difference can be achieved by loading various amounts of powder into the gasket hole while filling the remaining space with solution. All experiments described above and in previous studies 28, [32] [33] were performed with approximately the same loading procedure, in which the gasket hole was filled completely with GO powder after which water was added, thus making the relative volumes of powder Solidification and melting points of water determined in absence on graphite oxide. This information is available free of charge via the Internet at http://pubs.acs.org/.
